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Myoivement of cyclophOin D in the.aetiya^ a j^tdc^ p&m 
by Car* and 

^^^ir^jl^NVEER;, ^^uJ^aina VlKJr*^ liari^^ ; . 

] PepiirttTteni oi' BuKjhemisir^ 

inner membrane under ci>ndiiion> of high marriX Ca-^ and oxidaiii stress. The pore is blocked by cyclo- 
sporin, A (CSA). Jn this, study, rat h'ver mitochondria were anajcnily labelled vvifh a phoioactiye GSA 
denvaiive in the presence and absence of Ihe pore Hgands Ca-' and' ADR Photohibellin^'^of, a 2l¥p;i 
protein was se]e.Mi\ejv depressed b> Ca'' in a manner reveried by ADP. The protein exhibited pemidvl- 
prolyj ^*f-s^fn7'?.^^i5;onier:ise-^^PRIa^),ra^ 

aicd wuh The (>iitside of simieated sUbmitc^cfioM^ ;,%Cil Whefcink 

chondna wm:i ti^t^^ ^^^^ eoneeriiraiidns of rdi^iibivin. ^iM&i^^^^ 

the mamx iinz^^ A: second Pfee of ilSli^fetu^ea^M^^^^^ 

inrennembranc-^ce^marker^raden^i^ 

NTiemtinailly ^s^ueii^,, m mmi^ts- were most stmikr^to those o 
concJaiJ^ that tHij^pr0iein.;is prt&%the^C^ 

of the^e findings- are :^i?icussedv . . : ' . ■ 



Hindih^ pr^reins which catalyj^c the inforcon version of <iv M 
isomen^^ of pepii^ylproiyj %ncls m peptideis 5n<J ^pr^^^ 

fi'j. Th& pepiidylpriiiyi/ isonierpe #PIaiiej activity 

blocked by CSA, <w>x1ophilins; accelerate ^i^ 

ItT^which isdmerisaifon of pepiidylprolyl bonds i^iute Itmijing^ 
Jn mro \Z\ and. pixv>ibly w vivo \X 4l/CycJpphilins may .?^^' 

ate with chapenanes. For e^^ CyP^O a^;^iaie5; islitS 

mkm heat-shock: prmein iH|p9S i^l,.and';a. l^iMDa suf&c: 
)>«)teinrwhich ha^ R:C:yP^likc domairt comalns PlHa}^^ ai#t$i^Fh 
•ertinc ^c^ivitks .16^ ^Not ii<fpe|^ls;.6f .t^ 
:to: PPiase since ite %p - "xm^Mtm^ 

Ga?''to!iii6d ]pr0i&in phosphmase,- .cdrdneunn; 

wh^re^ (grcjQpHiliris' ihemsetves are inacfe 'ih^ithr? resptici 
XI, 3]. FlCf506^bihdin$ proiems :(FifCBPi =ft>rm ariothS clasi^ of 
J?PIase (t|i. FKBP-12 ;^so<:iaies, wiib' tJh^ O^^^release, channeli 
of .sarcoplasmic _rcn^^ and .influence-v 'the channetoiinii 
prc)pe(rtre5 [9J. Thu^'PPlases may.participate.widely in ihe^Mlf 
tar ion of protein conformational chan^ei 

A; cvGlophilin may panicipaie; iiV a :sirtK;iufe tHat^fbnns; 
a iar^einon-seltxiiveipore in the mitc>chonclnalUnner membrane:- 
The; pore is liormaHy closed bur opens w^hen aciiyai«i*synef«i$iL 
cally b>» high intrajnik>cHGndnal Ca-- and: oxid^^^^^ 

C<xr*'.spoitdetwe to M. Gmmptim, Departnieni of Bfecterm'siiy'vanil. 
Molecular Bi6li;»2>vUnivcr.Miy Cplieefi; Undoa :CiOWef Street Ldnddfi' 
U^IE 6BT..=England 

Fax: m 3807193, 

Ahhrniaiionx GS}^. eyclos|xinn A: ?PA^S. phmhaciive cvclo- 
.spi^rin- CyP, cvcii»ph3lin PPIast; pepiidylprolvl w/ww i^^ 
l-KBR PKSOfrbihding prpiein: SMP. subraiiochlindrial pariicikv:; 

£>ii>w;.P6pgdy|j)m 



1 i :K it is; bicjckcd:by ATP ADP and CSA;j r(i, fl An open porcr. 
of 2-:iVTv; diameter ts ihilicaied : > 1^), .and :airemion fu&< 
#icussed lar|[e!y on the possible mle Of ihfe poit^ in £dl 
p i ,. 14;].; Recent ;i'^ v;/v;<> measurehien detected p«)re: Opei^ 

J.ng Muring myocardial reperfusion injurv' l|:I5|. which ts sisam-. 
. ai^ . pill iisjiue^^^ overload ajid o^iidati\^^sii^Sr diirirtg 
<ixidanr-sirevK-rhydropero |ii?JurS^' ik^v^ii^^ 

|i6]i FunhemiOre QSA; prm ides^ prote^tii^^^^ reoxygena- 

?^Sr h>3rs^fi>?(iiity^ injury nn hcarif and ^liyer cdfe 
C'^"""^^'- ^^-'^'^^f^^^^^b^ci^'aJit^nis indicate that blockade of ihe pore 
t|!'CSA mf]ects:;tbeinv5)lv^m^ i^h #f^<lpe;ii^ 

Gjfo5:ure|2H23:|ly^ : 

Mr f^f'^^^^^ ilaM ihe^ relevant .pfmein. Photolal^Ilmg^of ::i 
2^kDii PPIase ih; heajt mitochondria^ 'sel|£ictivdy^:tTpdi 
by voiberitpre ligandbi f ^ sifggfc^tilig thai: i»i^{;j^Giil/r 

P^?^: is^inyuivedr jhplbe:{pre^ sluc^ » siMhiir prtitc*^^ 
appflfed lo/iiyer:^^ the. :rcsults. indicate an^^jrij- 

yoiyement^oT the -same: proieih; Par^al adinpzacid;^^^^ 
reveals; a close simiJariiy Of :thei|wptje iiiiiii^iilcyfe^ 
:iocansaiiQti sUi^ indicate:x6at it 

]^^liii^^^m^x menibrane. Tihe^significancc of ihese findins;* 
mrevdi/icuisje^ 



MATERIALS AND METHODS 

Labeijing and a mtonbranes with: 

a phoioactiye (:SA drnvativei Mitochondria w^c^^^ i.^lVit^d 
from mafe Sprague-DaWley rat livers atki >;uspended iii m^ 
^!"^.^ i^Q'Ti^^^nfiiiAn^ 7(3[:nriJVl jaicroie. mM Tri-^/HGa, 
pMv^). Jlii^ mi^txlHjndq^ JA^re- phoiDlabcMed-wiihin ;i:h of 
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preparaiiQii with ii niiiaied phnuVaciiye deriyaiive of CSA (Sah- 
doz 212-122; designated PA-CS); The phoiolabelling proiocql 
used differed from ihai used previously with liver miiocrhondria 
1 251 by- incorporaiitMt. of modificauoiis used subsequently Math 
hcan niiiochondria (24J. Since the covalently bound, label is sus^ 
cepiible to esierasc-caialysedi deconjugalion., the modified pro- 
cedure involved the inclusion of ihCv esterase inhibitor. 
phenyimeihyrsiilfdnyVflu^^ araJli stages the:pm^^ of 
.<ilic6ne-oil washes,. The inclulsion of odief; estisraSe ahliibitorji 
did noiv impipyc the recovery of photolabelled =prodiiicM fir^nn 
heart j24] or liver mik^^hondiiar The sili^ which 
were used to remove unconjugated photolabel, Were omitted 
since deegnjugatipn occurred ;eyen- iri? the ipfescnce; 0f phciiVl- 
mcthylsulfonyi fluoride. 

Mitwhondria (20 mg proieirv/mJl were incubated at (FG for 
3D mih in the presence of 50. nM CaCi? or 1 rtiM EGTA to dlo 
Ca- * repledon/depletipri of the rnalrix space. PA-CS (1 |iM ):and 
ADP (iniM; when indicated) were added. After 5 rhih in the 
dfu-kv incubates were irradiated with long ultraviolet light (Minr 
eralight lariip, rriodei: UVGL^58) lor fl0 min/ Tlie mitochondria 
were washed once in iiniediiini A atid suspended in 10 mW jVi^ 
HGl^OJ ltt^^1 EDTA^ pH 1 :pg/ml leupeptin; 1 |tg/ml aiiti^ 
pain; ill i4g/inl pepiciatiff and \ mM^ j)hefty|meihylsultenyi fluo- 
ride., these prpteajie inhibitors, were include*! iii aJll stibse^uety 
rractibnati(*h siepS; The phptpiabeifel miK>c.bdn(Ji:ia -Werc^ :sanir 
caied and memhrsmes were- isolated as descnbed i|24ji Photola^ 
belled membranes (20 mg pratein/hril) M'ere ektracied: .with 
ilflO mM: Chaps in 1 50 mM NaGI. 10 m^^ Hq^es. pH 7 4:;, 1 niM- 
EG^.and; protease; inhibitors for 30 hiih.:onMce; Extracts 
clarified (120 OifK)\t?. 40 min) and tractionaied by gel fiUnition 
in ihe. same nlcdturn C( in raining li) mM Chaps. SDS/PAGE wa.s 
pcrlurmcd and proteins were eXlnicied aS described previously, 
|24j. Moiccu!ar>inass standards were ovalbumin, 45 kDa^ car- 
bcmic .anhydnfse. 29 k Da: chymotr\'p<sin(>gen, 2^kDa: lyso- 
zymc^. 14 kDa ^ cytcH^hrOme 'c, 13 kDa: and aprotinm. 6 kDa. 

Purification of jppiases (GyP-ll CyP- 18); P^iksje was= 
assayed by mearis of thc^ :peptide ^-^iic^myialanSialaiity^ 
phcnylalanyl4>nitroanil!dB |21 |y. PPIasc3J:Wcrc purified ftDrn sol- 
uble (sMpematant) findi picmbrane fractidhs. The same jjurifite^, 
tidn prtx^edures'were U.^d c.sLoepi diat imembranes .werejfirsii e^^ 
iractcd in mediuhi containirig' 100 mM Chaps ;{a.v descri^ 
abo\-c.) and lO-mM Chaps was included iit all: purification media. 
\n general, samples prepared {rem 4(X)- 900 m> mitochondrial 
pivtLM'h. vvere diluted in. 1^ Hejies. :l mNi EGTA.. prpiease 
inhibitors, plllM (mediurn:B) u> give INaGH or f KCI j :6f/lcis 
llian 30 ni.M. and applied lo an Sr.ScpharOiie column.01 ml). AH^ 
PPIase iiciivity was reiaiiiedl PPIiLse -was eluied In a single step 
with medium B plus 3C)6 niKl .\MCL The eluate vv::i>; dhuted lO- 
fold and^ IVaciicmaied on a Mono-S colurnn (8 ttiL PHarmaciai iri 
medium B by means of an NaC}^ gradient. Eitued PPIase was 
■concenirated by jjinoje-siep elulion 000 mM NaGI) froiii a iiiitail! 
(.1 -ml) Monies Ciilumn then fVnctidiuted iwice by. g^^ tTllraliphi 
tin a Soperdex-75. column (Pharmaciai ec]Milibrut^ jii ISQ iriiVI 
NaCl. 1 mM EGTA. lO.mM Hepesi prtiiease inhibuors. 7.4.. 
To purify Gyp -for the purposes' Of fdeniiification. grcjuer than 
*^5'^ of PPJasc citiicd a! each .step u"as pausscdi tMi. uy^ the next 
siep : for sequencing purposes, nuher less -was retained ai each: 
step. 

Pnitein sequencing. Pmtein.s were .sc|Xirated by SDS/P.AGE. 
stained with Ccomassie Blue and digested in excised gel pieces 
by cndoproieinase Asp-N (Boehringer). Peptides were recovered 
by means of Minicaiion and applied directly to Aquapoa* AX- 
300 (30 mmX2.1'mm| and= OD-30() Cl50-mmX2,l ifmi) col- 
umns connecied in series on a Hewlett-Packard lO^QM HPLC 
system. The columns were developed with a linear acetpnitriie; 
gradient in 0. 1 % irinuoraceiic acid, and peptide elution was 
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Etution vol Imt) 
Vn^^r Tfit? inlluencc cif Ga?? and AOP on phouilabdling^p^ tnilP- 
.crhondriaJ injonhrB^^^ oinipoiienLs'. f A), nihtichondria were: covh'Ienilv 
lifc^j^U^^^^^ f%-C$Cin the [^c>Amci^-i/H^ (•>■ ^?<^em- 

hrattt: exinicts Avere analysed l^y ;j^el^fiUi^uan-:(Sufkrr«^ 
icalii»ated ■with: <i 45rk^ markers!. The PA^CS-labefled ^tmietMs o^^ 
fraetbnsi; v^iere deiernu^^ A.^Pj^lase aeiiyiry in extrac^ of membranes 
pit j^ed:^Fr^ ri^ «?feining SZjitg-'jfjRne rati^-hpridfik 

w^trc/jihoiola^ jilj^or da?^ anid l mM ADp 



mqnitpired by '.means' 'p'f ^ipde-airay detection (2O6-0(^mTi). 
Fractions were collected and; applied ^io an Applied Bibsysiems 
477A piilsed'liqui'dauiomaied sequencen modified as described 

ml 

Qther hit*h(>d particle; ISMIP) were 

prepared by sonicaiion of mitochondria in lO riiM; Tri5./HGI. 
(ij mlVI EpTA. protease inhibitors; pH 7^, tbr2:raini SMPwerc 
rixoven^ -by ^dinrenia^ (i^l^QOQ 'g, 30 mSri)< MU^jw"?^ 
were .frafctipi^^^^^ by. mean$ bf i^dition of digitdnjii in : mediUiTii 
A |i371/Thc suspension was sriired gemly oiiMcc fbrf IS'mtn.and 
then centriFuged ( StSi) 1 0 min). From the recover\*. of tnarker 
crtzxTTies {Figs. 4 and 5) the .supeniatarit was; takcit as die \n(er^ 
memhiimerspacefract^^ ihie pcljet (mitoplasts) a.s the inncr- 
memhrane/malri.x fraction. Malate dchydrogena.se. adenylate kj= 
nase/monoamine oxidase :and Succinate dehydrogenase were: as- 
sayed by nfcails pf stand prpidcols [2-7J. 



RESULTS 

The effect of pore Ugands on ;photolabelling of Cypr21 by 
PA-CS^ GSA-bindinjC proteiiis wen: Covalentjy labelled by 
mejins of a iritiatcd, photoactive deriyaiive; of jCSA (PA-GS) 
1281. Fii- 1 A shpws a typical phoiolabelling profile after separa- 
tion of membrane constituenc; by gel fifiiTuion. In ispite of its 
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cl.ution vol (mt:) 
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Rt;. 2. Gel niirution of Ihi', camponent ihat was: phutoi;it>eiied^ in. af 

Ca----sfnsitive manner f^); miUK^Diidria .were phoiolubclleti and fracr 
lionaied a*^ hi Fi2. I in ihc ;presence of eilher EGTA jO) pr C^-- .(• i. 
The Ca-%>en>iuve fraciibns (indicaiccl by -un urrivv: In. Fi^, 1 A) were; 
amil\;ied by gel iilL-aiion un u Superde.\-75' rPhannacjVO cb 
eluiKm rpc^.stiicms of molecular-muiis markers ij X^ 2^ kOa) are $h0wti- 
(^K PPIase aciiviEy. fB j. iracuons fmm ( Ai.from raiUKhcmdna fracilonr 
aiiid iri^ the: ir^resertce of EGtA. Uiar ci?niained PPIa.se laciiviiy t^iuuon> 
«^1-^P - nir>:^€:fe analyjurtJ by SDS/R\GE:The arauuiiit2^:!;jf;radiQ-' 
actj^'icy present; m-2-mra?gc| ^ipcs arc sihovvft; 

mtrinsie selecuvicy for GS A-rfciiiding proieins f24| PA-GSM.a-^ 
belled a spectrum ()rVqmppnenis, and fuaHer^sclcctio criieria. 
were iherefbre needed: We made use of xhc fihdiiig -tKht Ca"' 
not only act! vaies: the pore but also iahtbiis mieraciiDn of GSA 
vs tih ihc rcievanr pore componeni. Phoiolabellini! in:ihe pmejjce 
of Ca-' selectively reduced the amount of radiolabel that eiuied 
15.5 ml (F% 1 Ai: eJsewhere^i^^ profiles were 



esserithlly: life sanri^ in four; sucht cxperiniems with diftereht 
iitjtochondna] jprcparatioh^. diar *" seleciivcly .decreascd^photola- 
belling of die 15 :5^ml fraction by 66 r 13^ (mean i SEM): Pore 
:QCiivaiion by Ca" * is aniagomsed by ADR and this cffeqt pffere: 
a furiher:pdteritia cnicrteh fpr selcctiori.jthe low incojp^^ 
cif radiplabcl into the 1 5.5>ml fraction in the presence of Ga=' 
was reversed when ADP was incJuded during the phoialabelling. 
In three siniilar experimems vyiUi sciparaiie nuiochdhdrijli prepa- 
raiions; ADP selectfv^l^^^ ih;i<f;fihiciipii 
m ihe presence of C^^ by 215;± 38^% (me en^ 
hahcement of photolabeliing fay Abp- appears- ta be laigeJy a 
reversal :of the C^;*' effect since iii the jiresieitee of '4!^^ 
inpreaised phot^^^^^ §f ihk firjictidii io a.Jci^r^eite^^^ 

(44±;I:K^i mciuj^ experimenLs)/W^ of 

acUoh ofiGa^ • -and ADP aremnresolved but ihe fmding thai these 
pore ii^ds have oppo«^t^ ejTecis onivppre activai^^ 
i^ioiibeliing of ttiiis^piu^ cularli^ suggests ihauhif^ ihiclidri 
epniSinis thcr relevant GS A -bil^idihc^p^p^^ 

Reli^cyohation of the C£r--^^ on Superdex-- 

a peak of ;raicUoiafekat;app^ kDa wUfcsainr 

pjei; irom? CTa^- with> 
Simple!; fronr Ga?*rrcpiet^ niiU)chphdnii 
periments rdata^ not shown) confirmed ilwifeciionK ironr mH^^ 
chondria photolabelled m tlieipre^ ADP.and Cr " yi-^ded 
a jjesak of ;radip!#i^l :at tl R icf ithat ifeiTi Ca?^^ 

r^mpfe iiTi ,gerre#l filso a small:.hi|liei>molccul^^ 

■msim i^cBJlder :tc> fthcimain ^ SrkDa peak. As with^ hearts irtiiov, 
:chondria [24;iVCdminuou$ .deieo^^^ 

eUriT^ tif^iie pf^tfteahdu^^ mn^e of proieia^ irthibit^^: 

and (e^jera&eJmhS sujdiUiis dee prcvcnied further 

ipurifipiiibijjof ihc^j^^ radiblabeUed; form: Nevenhele^s, 
^ulSirienv;nidjoib^ allC>w ^naly j^is di^ the J^^= 

jkDa peak by jDS/pGiE:. and iftls ain^iysis^ vi^ ded a: Hidio^ 
labelled/ band: -arapprpxima 21S). This value, ii?' 

similar 10 thai qf 'CyP-2 1 if we consider thai' the radiolafeeK 
would contribute apprpximaiely ^IVS kDa. 'la addition; ^iheiG^^^-^^ 
Jsensiu^ iracdons^ cof ji^jj^^nd to \hi^ jpeak ;in; jp^Iase lidiyiiy 

bmhr types Qf =gd^jSj[ii|lidn cplumri f Figs; I A :and 2A^.= The 
RPlase wa^t iriliibii^lsreaier dian 95 % by CSi^,: With:a value 
of;8 nIVI (data n(?rvhown|i The daiaiare cbnsisiemrwiih dV^ta* 7 
A DPrSensitive ^protein . iiy liver iTiitdcHOndna^ :<Sy P-iL 

We a^o^analAj^d ajny^^jedirn^ 
tidn pl*,5;MR As described preyipusiy [|251 Jifijis fr^ 
liiihed two: phcnprabclled eomponems of upproximaiely :I g kDa 
and :90-kDa"(on Supeiilexf75cgel;fiiWibrtr ilS-kDacoiiipo- 
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Fig.3. Dissp^tmn or CyHt2l fr-iro membranes ,n high salt iAj; SMP were wspindeU iin 20.mM Hepes. pH 7.4. O.SniM ECTA proieasc 

aciivKies of *e .^jp^raaunts tsj aiid pcllas (pi deicnnincd. iStoiviiies ait c:^pres«d.as.a perceniafie.^rfUa.imcasurti in SMP -iuVDc Jid ^i^m 
coma>nmg 30 mSi Oups. (B,, Uk PPIaSc of Oip .supcmaian,: m pim of .A iul ^J^pm^ and amilvsed ^ In* n«^^,"^ 




I b I g i io n in] (i fng . / mg; of ■ protein:) 



Fig. 4; Separation lif GvFr21 toiii C vPt JS by meaas of di^tonin firacUonaUbni (A >, itiiu)ch6ndria in fiifidium A weie iieaiaJ wit^ 
cemrifugefT. The aciivUies of acfcnyiaie kinase |Q)i maliaic^^iehydrogenas^ (•) and PHase (^) in the supernatant avc re ex p«s^6^^ 
rtl^theip aciiviiies in whole miti)chondria treated -wUb 30;mM nia|5s/:NlittKhpndna trea^^ miiochondrial protein. (dashed 

line} M'cre ceniriluiieai The PPIase sif tbe^iHipernaiam^^^ jpeUet: (mitoptasi^^ mrc prnmedand analysed by S0S^CE" (inset) The; positioas 
of mc>lccutar-mass nuirkm i 14-97 -kDa) are :.sH.t>wn. (ii). iiupemata^^^ PPIa^«; (ti); jnUoirfasr PPIia^^^^^^ iij shom 

jBh dtiUiplajfUi were isolat^ as :hi >;tisik3ided[;»i !5(l6:?nNi; fCCa^/mraJ^'l^^ pH:lil)/iK5 iriiMTJEi^fA. j5^tf^ ccriirifu^. The 

saiicmawoi fi^uiphisnMc-side sah wUshj AMfS- netiined:. iiuspcndea'io tbe s^^ 

miti membranes and supernatani (mamxTside saU; wash}.. The -PPIiisc itf eath iiif 'ihe ifirtseilS^acdows was purified .and :ana!y5fed by. SiDiS/PAGE 
soH^^*3isi>ed:nH?mbrjm*5: (iiKcjioplasmic-^^^^ ' ' . ' 



CyP-iti. In twa c^'penmenb tpliotolabelHng: of neither the 18- 
fcDa> componem nor the 90rk£>a^eomfK>riem. wa^ tiiarkedly iiif^ 
fecicd l>y ADP bt Ga*^ (i.e^ less than 20^, 

The intrainttochondnul lucadon of eyP^21. The IcKaiion of 
=CyP-2J in SiMP was invesii^aied as reported in Fig. 3, Mjosi of 
the PPlasc .aciivity remained menibfarie hound in Ipw-siijl meV 
diiim (Fig. 3 A), bui the aciiviiy laiigely. dissficiaied; from the 
membrane in: ^ihe presence of 500 mM NaCL irrespective of 
vvheihenhe SMP were resonicaied or not (Fig- Ptirificaiibn 
:ofi the loial pplase from soluble; unci membrane feictjOns alter 
sail ireatmeni pnxiuced a 21-kDa;band on :SpS/i^GETFi^.,3 B)l 
li appears ihai CyP-21 binds <electrosvatjcally tor the outside of 
SMP; since ibc inner membrane becomes in vened during prepa- 
ration of SMP the ouiside correspciinds. U) the matrix side of the 
inner rnembranc. 

Although not detected in SMP from liver (Fig. 38) or heart 
|24|i miiocliDndrial preparaiit»n.s contain CyP-iS |29i 30|. The 
iniramitot-hondrial locaiipn of CyP-2i.;and hs reUticm iojilialdf 
CyP. 1 8. wa.s. invesiigaied by means.; ol\digitomni fracup^ 
Relatively low ;|digiioninl ^iieciivejy lyse the miiochondrial 
ouier membrane and leave .the inner membrane largely iniaci, 
^bui at hig^her Idigiloriin) both nierabrancs" are ly'sed. Adenylate 
^kinase and malme;dehydrogcna;sc vv^cre used as marken; to quan- 
tify protein release from the iniermembranc space and matrix 
;respeciively (Fig;4A). Release of loial PPlase as the rdigitoniD); 
was varied differed from the release of cither marker (Fig. 4 A). 
iThe releases of GyP-2I and of CyP- 18 were determined at 
G. I9mg digitonin/mg miti>chondrial protein (Fig. 4 A),, a conr 
ccniraiion that gave the best separatitwi between intermembn&ne- 



I h t ermembrdhe | nn er 




Fig. 5: The intj^mUoclipQdnflllra Muochondria .were: 

treated with 0.19 mg'digitcihiriftTig, protein aiid-cciunfuced. The siipcnia- 
lani (Kj was iminedi The niitoplalst j^llet vkits fraaiohnted in h|,'4B 
hiio cyioplasmic-side salt wash re), mkirixrside salt wash {nil and ioir 
washed memhranes^ (p). The fractions :uw assayed for tyP-^Sl (Q-pJ. 
malate dehydrogenase (md). adenylaie Wna$e ri^Vmonnamiiie:ox|dase 
(maol and succinaic dehydrogenase (sd); Imormcmlwane space.'is) plus- 
(c):vmatn)i4.(m);, inner menibTaiie. (p). 
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:51 OVDANGKPLGRV'NaStKftDW^KTAENFRAl^TGEKGFGlfKGSTFHRVIP 

"'i lUlu iirVliHinu } inMiiif iriHin 

DW^KTA EKSFGYKGSTFimVIX: 



1 01 SF MCaAGDFTNHi=iGTGGXSl-YGSKFPDENETIJO{VGHGVTiSMA^^ 



.1:51 GSQHFICTIK?ri>WLDGKHV'VFGHVKE(3MDV^T5K2-ES^^^ 
DGKkV^TGHVKjEGii 

.201 t4CG(?L!5 
f 

<^?'2J' pi^lide i«jiuthc^ ^mino iatrid s<^^ucnc^s.Wjcre ;oh^^ with endopioteinase AKp^N,,Thii 

eit^mis i;lcai:ved;m 5^>rittf;gkiiaiiu in^^uddiiioil m aspaitic acid^ >^amhaifcid-^^ TOi:difJi:r in^ tji^^e of pirevimj^ 

^Wii0e$ iare mu^td with iipv^^sf^ni^ J^;)^ the*^i|^ gcpudc iMh^ 

found Wibe nearfy'idferiiical twtht piievioiisly defihidlvTrtmiftinhi seque 

the remaining ten sequericss (shown in^iialics) are iiligncd With>ihe;ruli?;iengih^^^^ pflji ' 



space cnzy n^es and i nner- membrane/matrix Cm iiopi asi) enzymes. 
Purincation of chc toial PPlase from each fracuUn. (Fig. 4;A;i re- 
vealed ihai: the nfiipplausLs conUiined only GyP^2j, ancl^h^^ 
tn^^mbme-spac<^; fm^ t>nly Cyp^l^, 

T^T analyse ihevdistrifeuton of Ca^P-1:8 and:eyP-21 more^prc^^ 
dsdy;;ihe mitoplasts were ireared;wiih mM K(fi lo reniove 
any niatenai found lo^rhe^ exiferniij fum '6t ihje: mili^pla^t ^IfiiEsmr. 

PPlase, id<5htifiea.tis;CyP-2l (Fig; 4 B K alihough the amouni- was. 
minor. This material and ihe past-:mitop!a&i supernatani were^ 
laken OS the inierntembnmi;-$pa^^^ fracttdh. Qnly CyP'- jl. iyus, 
delected in ihc c>ioj)Iasraic-side sali wash and priiy €yP-:IS "in 
ihe post-miioplasi supematani. The "reparation 6f the cwo aGtivi- 
ties in this way was observed consistently (four experiments) 
and allowed the amoums of CyP- I S and CyP-2 J in the. inter- 
irnembranc space (p be estiinaied from the -iniiiali PPIase acu 
lies of the post-mitoplasi supernatant andicyioplasmic-side sali 
wash: respectively. The* reason for this sfeparaiion is ^ncii: clear, 
but' since both cnryrnes; iutj.-HVO soluble ji ^ms :that C^'P-ll 
asscKTiates more'stirpn^^^ the niembrane tHanCyW 
Iheiie particular conditions. CyP-21 i> the more basic of -ihe two 
pniteinsv as indicated by i is greater retention on cation-exchange 
columns (CyP-1.S cluted at approximateK: eO miM^NaCl 
CyP-21 at 95 mM NaCI from; a S-mli Muho-S: column):. Thus, 
the two tsoforms were also-easiiy separable by caiibn-exchange 
chruinaiography. Similarly, only CyP^>l* was dterccted in iht ma- 
trix frdciionraiid in ihe saitrw^ashed membranes (Fig..4B), arid 
the initial PPIasc atjti cities could be used lo esijtnaic the CyP- 
21 contents of these frac.tions. 

The distribution of CyPr2lj after digitonin fractionation was 
compared fFig. 5) with that of marker enzymes, mpnparaihe oX'iV 
dase touier mcmbranej; succinate deh>^dgienafi; (iiiiier mein^ 
brancj, rnalate dehydrogenase (mauix) and adenylate-kinase (ih- 
terihemljrane space). An :outer-membrane^ontaining fraction is 



;noi specified since- the marker; monoamine oxidase; panitioned 
aii9i>st ejq^ajiy between the intermembu-ane^space a^ 
niertitbiian^ The i*;cc>yeri(^^^ Gv^^^ in the three free- 

tiph^ W'em^^^^^ idehtifeal those of ittalate jdehydrogenasei- 
■andrdlstinci^^m ih()se of ijie oiKcr' inaifkers. llik distnbtutom 
wsuir;r^fjpe^ in, WhitHi 

eris^'pf iiyfell Sn the mienh^ marrix fbctuiiis; 

:(:19^2^^ arid ^4^m4^. "respectiyeiy j means^^SEMJ-riKsembiedJ 
llhose of malate' dehydixigenase ,(1 7 ±6^ and' respeCr 
:tiv^iy)^rUtht^ than aden j^iiii^ kinase; pp^ and 21^r^i? re- 
•spectiveiyj. It is, cbjndudiwj. ithetcipr^ thatrGyP-21 ^h: a; rnatrijit: 
■en^^'me fFig; 5) which-associaies electrpsiaiicaJly y^hh the mai-- 
rix face of the inner membrane (Fig. 3)j 

In contrast; in four experiinenisr (Fi^. 4Ak CyP- lS was ;de- 
lorted^ only In. the inicniienibnuicf-space; Traction, ajid" may be 
■lefitaiiVcly assigned to this: fraction, lliis ifrnding was ;not- pur- 
sued since photolabel ling of CyP-J 8^ was unaitected -by Ca*^" (ir 
ADR We estmiaie that GyP-llS ac^cpunled ]i>r 22|!r 6# qriie*il 
PPIase.actiyijty fnieiin ± SfeNt. four ■e^pcriroents)'. the-rcnlaifK^i 
being due .10: &yP^2 1 . 

Identificaiioa of GyPrll^ as GyPTD. Fig. 6 reports the: par- 
iial 'aminTt> ai:td i«rqu^^^ of GyP-2] ; With the exception of (ine 
peptide: ia ;<iKirth iof iiata bases revealiM '^H^ .sijqiicnc* .!^ 
of pcjwides. to himian GyPi3 p ]. also designated CyP-D ;|r|f 
The best alignments, of ihe iuime 'CyP-2 j peptides w^iVh pihef 
GyP is<>fbrms yicldcd.the fbllbwing sequence identities: 79^t to 
rai CyP-A. I32J, 66% to huniiin CyP-B [311. :md i5()% to rat 
GyP-C (331. CyP-A is a cytosolic isGfc»rm f r|, wHerca.s CyP B 
and GyP-G have. been IcKated in endoplasmic reticulum | K 34;|. 
Human CyP-0 was ihoiight to be .a ppssiblc rniiochondnally 
located cnzynx:' becau.se of its N-tei*minal aargcniiig seqiience 
(predicted frorti its cDNA) (31 1. Subsequently: Gonnem. and 
Halesirap sequenced, by means of Edman degradation, the N- 
terminu.s 6f CyP from ratf liyer irijiixrhoiidria; ExGepi ifor 



tluveerHBt ali (Eun J, rBtockem 235). 



one residue, ihis sequence is identical .to ihat^of the -pcpiide of 
CyP-2! thai could not be aligned wiUi ^human G>J*-P (Rg. 6 A) 
which suggests that this sequence is located- tn the J^Vuinnina^^^ 
region. Wc were unable lo sequence ^ihc undigested protein :stnce 
ir was N-ienninally blocked, ^jiith might indicate an addiiionsLl' 
urire^oi ved sequence at the N^terrainus: of the mature protein, 

Fronr the sequence. ihfbrniat ion it seems^ihal ihe hiimah: and! 
rat GyP-D proteins diver]ge considerably in the N-tenninal re- 
uipn. There is little discemable sequence similariiy among miiOr 
chondrial uiniettjug isequenees tmd the: divergent Mrierminus 
niighi reprcsehf the remnant of such a sequence. .A isipalle^^ 
was isolated from rat liver rniiochondria ( 17-1 H:kBa: which 
presumably corresponds to CyP-18 of the present- study) ihi 
which the divergent ISVterininlaJ region (icn ain was 
absent, which suggests thai the proicih may have; arisen^ by 
cleavage of the larger isoform [3D}. However, CyP- 21 would not 
appear lo be an inicrmcdiatc since most of the mitpchondrialj 
CyP is presehi in :this fonf> arid a tesjcluaii t;ii^ettting s^tic^^^ 
seems improbable in a mature protein;: Full sequence infQnhia^ 
lion of both Isofotins is neecJed beiforc any conclusions can bei 
drawn abc»ut wheiher the larger ispfptm is piiocessed to the 
shcihei: farm. This is= espdtii^i |y so; if: a^ ifKiicated; 
isoform.^ are located ^iiffcremly when. (piieJsequciKJi^ii^^ 
would be. expected; 



DISiDUSSiDN 

Several ohscrvuiiohs suggest the irivoivcment (Jf a cyclo- 
philin in the Ca'* -:aettvaieU irincr-itiiehlbnine po^^ studies 
rcponcd that there, was a correlailbn between the huhiber of 
niitochondrial GSArbinding. lilies associated with, the .pore and: 
with 'PP^as^[^ aistivity f?:! , i$\ .yfid. tel jryi^oSpGri^^ Av G and >H 
inhibii the pore and PPIase with. sfintilaj^relaii?i?c potciiQiCiiies jSij, 
l^iiese^nieasunemenis were made wi'thoiit know'ledge:.Gf iherelbe- 
ing more than one: ntitrk^hondria! GyP-artdr re^^^ to composib 
activiiies. Gyclophilihs Aycre rim limpHcaied by eadi^ 
bellingj c.\pennients -with liver iriiiochohdria flSj, 3ui evidence 
was subsequently obtained for involvement of a 22- fcn)a PPIase 
in heart iniiochondria by mean.s of a modified photoiabeiling 
prpioeol I24j. This protocol resplyed the anomaly between liver 
and hean iniiodiondria. and the PPIase has beieh idi^mifi«j as 
CyP-D fFig. 6). 

The phot oinht'l ling approach is based on evidence that GSA 
interaction with the piircMcjated cOin|Kincniis riiarkedly affeeied? 
hy the (Uhcr pore ligands Ca>^ arid APP, There are. indications; 
that Ga- depresses CSA interaction w:ith the pore component 
1 13. 36|, ThaS. our finding that Ga-* ' depresj;es PA-GS.php(crfa- 
belling of liver mitochondrial GyP^D is cojis'isieni uith th^ gro-- 
lein being the target for CSA when CS^ blocks Hie pore; Ga"* 
activation of the pore in nniochondria 1 10]^ and paich-clamped' 
inembranes |37 ) is antagonised by ADP. ADP also acts synergiSr 
iically with CSA io cause jx)re closure in nietaiKiHieHJepleiedi 
miiocrhondria 125..38j. The iibserved suppression by AtfP of:ihe 
elTects of Ga*'^ on GyP-D phoiolabelling i.s^ also in accordance 
therefore wuh an involvement of this protein in pore function; 

We h:ive been unable to detect any effect of Ga* * (500 )jM> 
ur ADP (I mM) on the AT., value for CSA inhibition .of the 
PPIase activity vf purified GyP-D from liver or hean (A' = 
5-9 nM: this study, f24|). Thus the isolated enzyme is Ca** - 
insensitive and ADP-inseasitive. Sensitivity to these agents must 
be confcra'd by another pmiein. which presumably binds Ca-* 
and. possibly; ADR Since Ca**' and ADP arc. recognised pore 
ligands hy virtue of their abilities to sictivate and iiihibit iheipbre; 
respectively, the data proxndc evidence iHaii CvPtP uHsoipiaies 
^^Hth a component of the pore. CyP-D is a m*alri3Cproieih?(RgS'4 



:and .5) and it is speci^cally matrix Ca-^ that d^resso: pore? 
cpmppneht ihteniction with CSA and causes, pore ac^ivatRui 
[:36|._ Thus; the photolafaeUing data ^support, liie fpllowiiig .events 
in the matrix compaitment. in.accordance with prcVibus sugges- 
tions J21, 35]i^ 

Ca^*^ ^ target.prbtein = Gyp ^ Cyp Gyp • CSA 

where GyP-D binils to the Ga^^ - target protein cpitiplex or to 
GSA ill a inutually exclusive cnanner, and ihc-Ca**" • laj^ei-pfpr 
tein • Cyp complex • is: roiutred for pore opening. GSA blocks 
the pore; by prevemipn of asspciaiiph of GyP-P \yiih ^ targei 
protein, Ilie iindirig t wa.s hot involved ;accc^ to; 

;the photolabeliihg: criteria agrees with our finding^ that, this -eh- 
tzyme is not: situated in the; matrix compartment:. A0P may pre^^ 
vient formation of Ga:" - target-prcttein - Gyp c6mjpib;( by jMndmg 
^tp the. free target pixif eiii w to CyP. 

If :ihi$ PPIase linieracts with the pore prr»tein - itself, then lit 
naay faeilitaie a step in porie acdvatipnahat involves proieinr 
ccytjipn^ change^ In view of decirophysiqJqgicar dataiv 
which shows: iheTapidity- with- which the activated pone Bickers; 
^between open and: closed: suites ;p7] it seems improbable that iit 
catalyses pore flicker. Neverthekss, it may catalyse formation 
of the ainl\^ sia^ thai is capable cff :nickerv 5How ariy^ 
isuch isbmerase-^ats^ bis part of the mechar 

hkm that involves CyP-D: GSA not only blocks but also re- 
verses pore; activation, wteh. suggests that GyPiD (wtfcn unr. 
ItoyrfiM^^y to GSA) jdisplaces m\ equifibniim lowards an ;;acti- 
vated state, presumably by binding tb the aciivajted state; [^^ 
This is also ihe model that emergcrfipm: the phoiolabelling & 
^ihce <3ar- .is able to depress.ihc hinding of PA-GS to Gy P-D at 
it |iM PArC$i which i;? gf^emer: dUm. ifOO^Ipltl of jihe K, value Jfer 
CiS A, .GyP^D w%ii8 vbe ek^^ieil to ks^i^atc vei*: <iUTohgly U^^^^ 
the Ga= • iaiigetrproiein complex in ihe absence of competing 
;CSA. 

More ifpequlativie one :coiild ehvisage that the ispmerasc. 
catalyses vbfi stabiJiies as^iiibly of a complex pore structure.. If 
has been: proposed thai closely apposed miioehondria in cells 
rnay form tight 'intermiiochondrial junctions 1 59]. These juncr- 
lions may invplve/outer-Tnenibran^ porins: inserted iniplinher- 
membiriajie channels;, which a}ld>v ihe, conjugated mitochpncSia 
toTpperatc as a^hioeneigeiic continuura:f39- .401: It is conceivable 
-that the open: ppre detected in isolated mitochondria under 
pseuj36-paihpjogjcai cphditipns might ire'prcsehl, ihc^ Ppcning of 
such a sijTJciuTv inrsingle tjjtcPnjiigatejd .roitocbjonU^^/liJelitj^^^ 
lion of the Gyp- D target and examtnatioa of its capacity toiin- 
iteract w^iih pprin wotild enable this notion to be-assessecl further. 
'There.: arc, indjc^iip'nS;j that the inncr-memto adehine-riuciiso- 
"licfe'tTahsldcajie. ifr able 'to forni -a coniplex with: p<}rth [411 and. 
thai it may deform into/an open channel under Ga-^ stress =(.'^51,; 
bu\ there is hp evidence yet that: the adenine^nud^ translo-- 
is a target" for cyclo^ilin. 

This uwk wa^ suppbrted by funds from the Mefliciil Research Conn- 
;irij!.and tKe Briiisb Heah Ifoimdiiu We are;also mijst gnileful:to Sando/ 
fcn-'klmUy suppl)^^ RA-CS u£e«i'in-thts' .study. 
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